Microcosm bioremediation strategies were applied to sediments contaminated with hydrocarbons. Experiments were performed in aerobic conditions in a single-step treatment and in a two-step anaerobic-aerobic treatment. In aerobic conditions, either inorganic nutrients or composts were added to the microcosms, while, in the first anaerobic phase of the two-step experiment, acetate and/or allochthonous sulfate-reducing bacteria were used. After the treatment under anaerobic conditions, samples were exposed to aerobic conditions in the presence of compost. In the aerobic treatments, 81% hydrocarbon biodegradation was observed after 43 days in the presence of inorganic nutrients. In aerobic conditions in the presence of mature compost, hydrocarbon biodegradation was 51% after 43 days of treatment, whereas it was 47% after 21 days with fresh compost. The two-step experiment allowed us to obtain a hydrocarbon degradation of 91%, after a first anaerobic step with an inoculum of sulfate-reducing prokaryotes.
Introduction
Marine sediments represent the principal sink for a wide variety of organic contaminants, and the materials that are periodically dredged from harbors potentially contain many contaminants. A number of technologies have been developed aimed at the reduction of the contamination present in soils and subsequently have also been applied to sediments. Among these, biological treatments are having more importance in the last years, mainly because of the low environmental impact, the costs (in general cheaper than other cleanup technologies), the capability to destroy organic contaminants, and the possibility of beneficial use of treated sediments [1] . In fact, dredged material can be used for beneficial utilizations, as remediation/creation of upland habitat, beach nourishment, or building materials [2] .
Bioremediation technologies may consist in stimulation of autochthonous microorganisms (adding nutrients, amendments, increasing oxygen concentration) [3] [4] [5] and introducing allochthonous degrading prokaryotes [6] [7] [8] .
One of the advantages of using natural microorganisms is that they could produce several compounds, such as biosurfactants, useful for the acceleration of hydrocarbon degradation processes [9, 10] . These compounds are made up of a hydrophilic part and a hydrophobic part, and this structure allows them to increase the bioavailability of different compounds, such as hydrocarbons [11, 12] .
The present work deals with two bioremediation studies to reclaim dredged materials contaminated with petroleum hydrocarbons. Laboratory microcosms were carried out both in a single-step treatment in aerobic conditions and in a two-step anaerobic-aerobic treatment. In the single-step experiments in aerobic conditions, inorganic nutrients and compost have been tested as amendments. Nutrients are known to stimulate microorganisms adapted to live in chronically polluted environments, like harbors [13, 14] . Compost can support diverse assemblages of microorganisms, acting as a nutrient source, thereby improving the environmental conditions of a contaminated matrix for indigenous or introduced microorganisms [15] . Furthermore, organic matter contained in the compost can strongly influence sorption/desorption processes of hydrophobic organic contaminants [16] . Nevertheless, most studies concern the application of compost for soil treatment, and it has not been widely applied for sediment bioremediation [15] . The two-step sequential anaerobic-aerobic treatment for sediments is not common in the scientific literature. In fact, traditional bioremediation technologies are usually performed in a single step, either under anaerobic conditions [17, 18] , where the microorganisms which play the most important role are sulfate-reducing prokaryotes [19] , or in aerobic conditions, often using inorganic nutrients to stimulate autochthonous prokaryotes [20] [21] [22] . For example, Beolchini et al. [23] carried out bioremediation experiments in aerobic conditions, using inorganic nutrients and sand to stimulate the metabolism of the microbial community and hydrocarbon biodegradation. Hydrocarbon degradation coupled to sulfate reduction seems to be the most relevant process under anaerobic conditions [24] . Therefore, in the anaerobic pretreatment, a consortium of sulfate-reducing prokaryotes was used according to the factorial plan used for this work in order to enhance hydrocarbon removal: an amendment of sodium acetate under anaerobic conditions was also tested as a carbon source [25, 26] and as electron donor to stimulate sulfate-reducing prokaryotes [27] . In fact, most sulfate-reducing microorganisms are unable to degrade high-molecular-mass compounds and depend on fermentation products, such as acetate, for their metabolism [28] .
Materials and Methods

Sampling and Sediment
Characterization. Sediment was collected from the harbor of Ancona (Italy, Adriatic Sea) by means of a Van Veen grab. Sediment was characterized by reducing conditions and appeared black, with a strong smell of hydrogen sulfide. Laboratory analyses were performed to determine water content, grain size, total organic matter, • C, 24 h) of the sediment and weight of the residue after combustion for 2 h at 450
• C. Sediment samples were pretreated with an excess of 10% HCl (v/v) to remove carbonates.
Grain size was determined by sieving technique, which revealed that the sediment was largely dominated by the siltclay fraction (i.e., >95% of the particles were <63 µm). Table 2 ).
Laboratory Microcosm
carried out in 250 mL flasks with sediment (10% w/v) suspended in 0.9% NaCl solution to a final volume of 100 mL. Four different experimental flasks were set up: (i) control, containing sediment and saline solution; (ii) inorganic nutrients, with K 2 HPO 4 and (NH 4 ) 2 SO 4 in a molar ratio carbon : nitrogen : phosphorus equal to 100 : 10 : 1, on the basis of total organic matter present in the sediment; (iii) 5% w/v mature compost aged 90 days, produced from the organic fraction of municipal solid waste; (iv) 5% w/v fresh compost, aged 30 days, produced from the organic fraction of municipal solid waste. Compost composition was available only for mature compost (total organic carbon 31.3 ± 2.2%, total nitrogen 2.1 ± 0.1%, and total phosphorus 1.4 ± 0.5%), because it is a marketable good, while, for fresh compost, not available in the market, the composition was unknown. Microcosms were maintained in aerobic conditions in a shaking incubator at a speed of 180 rpm at 35
• C for 43 days. Samples were periodically collected for total petroleum hydrocarbon (TPH) analyses and for the determination of prokaryotic abundance. In these experiments composts at two different stages of maturation were selected in order to provide insights on the response of prokaryotic growth and hydrocarbon degradation. Conversely, for the two-step anaerobic-aerobic treatments, only mature compost was used to potentially mimic a full-scale application, being such kind of compost easily found in the market.
For the two-step anaerobic-aerobic treatments, anaerobic microcosm experiments were maintained in the dark at room temperature, in 250 mL flasks containing 10% (w/v) sediment and synthetic seawater with a salinity of 35% (final volume 100 mL). The operating conditions of the anaerobic step have been chosen according to a complete factorial plan with 3 factors and 2 levels. The factors were (i) amendment with sodium acetate (1% w/v), (ii) anaerobic treatment length, and (iii) inoculum of a consortium of sulfate-reducing prokaryotes (10% v/v). Factors and levels are shown in Table 1, while Table 2 displays in detail the operating conditions of each treatment. Sulfate-reducing prokaryotes were selected from environmental samples and provided by Professor Groudev's group, of the University of Mining and Geology "Saint Ivan Rilski", Sofia (Bulgaria), and were grown in their ideal medium. Redox potential determinations were performed to assure the presence of anaerobic conditions (Eh values were always lower than −200 mV; data not shown), and samples were collected for the determination of total microbial abundance and TPH concentration.
Sediments pretreated for 30 and 60 days under anaerobic conditions were then incubated in aerobic conditions with mature compost (aged 90 days). At the end of each anaerobic step, sediment was centrifuged at 3000 rpm for 5 minutes and washed with deionized water to eliminate salts and metabolic products from the sediment. Mature compost (0.5%, w/v) was added to 100 mL flasks containing the pretreated sediment (5% w/v in 0.9% NaCl solution, final volume 100 mL). These microcosms were incubated in aerobic conditions for 1 month in a shaker at 35
• C. Microbial abundance, oxygen concentration, and total petroleum hydrocarbons were periodically determined.
Extraction and Determination of Total Petroleum Hydrocarbons (TPHs). TPH extraction was done in accordance with method 3550C EPA (US Environmental Protection
Agency), and the extract was analyzed by gas chromatography. For TPH extraction Na 2 SO 4 and a solution of CH 2 Cl 2 : CH 3 COCH 3 (1 : 1, v/v) were added to dry sediment and then sonicated for 2 minutes. Samples were put on a shaker at 150 rpm for 30 minutes, centrifuged for 10 minutes at 5000 rpm, and passed through a filter (Type GS for clay, 0.22 µm). Sediments were washed with CH 2 Cl 2 , the solvent was volatilized, and the extract was resuspended with the extraction solution before the analysis. TPH concentration was determined with a Shimadzu GC 2014 chromatograph with a flame ionization detector (FID, at 300
• C) injecting 1 µL of sample. An Alltech ECONO-CAP EC-5 30 m long X 0.32 µm-inner diameter (0.25 µm film) capillary column was used for hydrocarbon separation, with nitrogen as carrier gas at a flow rate of 3.96 mL min −1 . The temperature program was set as follows: hold for 2 minutes at 40
• C, ramp to 300
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at 8
• C min −1 , and hold for 10 minutes at 300
• C. Analyses were performed in triplicate. Harbor sediment had an initial TPH content of 1500 ppm.
Total Prokaryotic Counts.
Total prokaryotic counts were determined using acridine orange staining according to standard protocols [29] . Sediment subsamples were fixed with prefiltered (0.2 µm pore size) and buffered (Na 2 B 4 O 7 ·10H 2 O) 2% formaldehyde. Prokaryotes were detached from the sediment by using tetrasodium pyrophosphate (final concentration: 5 mM), then subsamples were sonicated three times to increase the extraction efficiency (Branson Sonifier 2200; 60 W for 1 minute) and diluted 100 times. Sediment subsamples were stained for 5 minutes with 0.025% acridine orange and were filtered on black Nuclepore polycarbonate 0.2 µm pore size filters. Filters were washed twice with sterilized Milli Q water and were mounted on microscope slides. Filters were observed at a magnification of 1000x with an epifluorescence microscopy (Zeiss Axioskop 2). For each slide at least 10 randomly selected microscope fields were observed and at minimum 200 cells were counted per filter. Total prokaryotic abundance was normalized to dry weight of sediment after desiccation (60 • C, 24 h). All counts were replicated at least twice.
Oxygen Demand.
The determination of oxygen demand after 20 h (OD20) was carried out following a standard protocol with some modifications [30] .
Results and Discussion
Single-Step Experiment in Aerobic Conditions.
It is known that aerobic metabolism is faster than anaerobic metabolism [31] . The common use of aerobic bioremediation methods for sediment decontamination is due to historical observations that microorganisms use oxygenincorporating enzymes to initiate attack on hydrocarbons [18] . In this work we tested the effectiveness of different biological treatments aimed at the reduction of the contamination associated with sediments. Figure 1 shows hydrocarbon degradation in aerobic conditions during the single-step experiment, using inorganic nutrients and compost at two different ages (fresh compost: 30 days and mature compost: 90 days). The highest removal of TPHs was observed in microcosms where biostimulation was performed in the presence of inorganic nutrients, achieving a hydrocarbon degradation of 62% after 21 days (compared to 29% in the control treatment) and 81% after 43 days (72% in the control). These results suggest that inorganic nutrient addition increased hydrocarbon biodegradation kinetics especially in the first weeks of the treatments. Nevertheless hydrocarbon removal for a longer length of treatment became similar to natural attenuation processes [7, 8, 32] . These results are consistent with previous findings, based on empirical models which highlighted fast rates of hydrocarbon degradation during the early phase of bioremediation followed by slower rates with increasing time [23] . In the presence of mature compost TPH degradation was 21% and 51%, respectively, after 21 and 43 days of treatment (Figure 1 ). On the other hand, TPH degradation was faster in the presence of fresh compost. In fact, a TPH removal of 47% was observed after 21 days of treatment, significantly higher than the one achieved with mature compost. This fact could be explained by the presence of more bioavailable organic carbon in fresh compost than in the mature compost, which would promote sorption of hydrophobic contaminants and also provide a source of carbon for microorganisms [33] . In addition, the presence of fresh compost could have allowed microorganisms to increase their metabolic activity directed to the degradation of organic compounds, resulting in the production of extracellular enzymes and biosurfactants.
The presence of inorganic nutrients increased hydrocarbon biodegradation to a major extent when compared to systems amended with mature compost. However, such an effect was evident on microbial growth rates only in the first phase of the experiments whereas after ca. 3 weeks no major differences between the two treatments were observed (Figure 2 ). These findings suggest that the potential effect of bioaugmentation of compost is unlikely to occur because of the difficulty of adaptation and competitive interactions of allochthonous microorganisms with autochthonous microorganisms under the conditions investigated in the study [32] .
The oxygen demands in the sediments followed similar temporal patterns of prokaryotic abundances and showed major differences between systems amended with inorganic nutrients and those containing mature compost only at the beginning of the experiments (values of OD20 were 198.3 and 242.9 mg O 2 L −1 min −1 with inorganic nutrients and mature compost, resp.). With increasing incubation time differences of the oxygen demands were less pronounced (101. 9 Figure 6 : Microbial abundances in the two-step treatment (one month under anaerobic conditions). In each chart, the left part is referred to the anaerobic pretreatment (ANOX), and the right part to the aerobic treatment (OX). The operating conditions of the anaerobic pretreatment are specified in the legend.
compared with nutrient addition but determines a lower biodegradation performance of hydrocarbons. Therefore, in such conditions prokaryotic metabolic processes appear to be mainly oriented toward the degradation of other organic substrates rather than hydrocarbons.
Two-
Step Anaerobic-Aerobic Experiment. Aerobic treatments may lead to incomplete degradation of contaminants with the production of potentially toxic products [34] . Anaerobic conditions would also allow microorganisms to degrade recalcitrant compounds, such as polycyclic aromatic hydrocarbons [35] . Nevertheless under anaerobic conditions the rate and extent of hydrocarbon biodegradation is usually lower than in aerobic processes [36] . Furthermore it is known that BTEX compounds (i.e., benzene, toluene, ethylbenzene, and xylenes) are biodegradable under anaerobic conditions, and recently it has become apparent that also aliphatic hydrocarbon degradation takes place under anaerobic conditions [37] . According to this scenario, a twostep anaerobic-aerobic treatment has been investigated in the present work, hypothesizing that the anaerobic step would favor the complete degradation of organic contaminants. Table 1 shows factors and levels investigated in the anaerobic pretreatment, whereas Table 2 presents operating conditions of each experiment. Sodium acetate was used to stimulate prokaryotes that can use it as a carbon source [26] and as electron donor [27] . Where specified, a consortium of allochthonous sulfate-reducing prokaryotes was added to microcosms to enhance hydrocarbon biodegradation processes.
First
Step: Anaerobic Conditions. Figure 3 shows TPH removal in the microcosms under anaerobic conditions. The highest TPH removal was achieved at the end of the experiment in the presence of sulfate-reducing prokaryotes (54% degradation, after 60 days of treatment). A TPH removal relatively high (45%) was also obtained in the control test (without the inoculum of prokaryotes and the acetate amendment) after 60 days under anaerobic conditions. The presence of sodium acetate seems to have a negative effect on hydrocarbon biodegradation in all the investigated conditions, and the lowest TPH removal was found in microcosms simultaneously containing sulfatereducing prokaryotes and sodium acetate. In the presence of acetate, hydrocarbon concentrations increased with increasing incubation time. Such an increase is difficult to explain since no petroleum hydrocarbons were added, but it is likely due to the presence of aliphatic hydrocarbons produced by microbial metabolism, which cannot be discriminated using the present analytical techniques. The results reported in Figure 3 have been elaborated by an analysis of variance (ANOVA) in order to have a better understanding on the main effects and interactions [38] . The ANOVA showed the following remarks ( Figure 4 ).
(i) A negative effect of factor A (sodium acetate, significance 100%) confirmed that TPH biodegradation decreased in the presence of sodium acetate. This behavior might be due to a selective use by microorganisms of sodium acetate rather than TPH as carbon source [25, 26] .
(ii) A negative effect of interaction AB (A: sodium acetate, B: time, significance 99%) means that, changing the level of time (i.e., longer length of the experiments), the negative effect due to sodium acetate decreased. When sodium acetate started to be a limiting carbon source during the course of experiments, TPHs were then used as carbon source.
(iii) A negative effect of interaction AC (A: sodium acetate, C: inoculum, significance 98%) represents a reduction of the negative effect by sodium acetate amendment in the presence of the prokaryotic inoculum. This might be due to a consumption of sodium acetate in the presence of the allochthonous prokaryotes [39] .
(iv) A positive effect of interaction BC (B: time, C: inoculum, significance 98%) indicates that the presence of a sulfate-reducing consortium significantly increased TPH degradation only for a longer period of treatment in anaerobic conditions (60 days) [39] .
Second
Step: Aerobic Conditions. After the anaerobic pretreatment, microcosms were incubated in aerobic conditions for 1 month, with a mature compost amendment. Figure 5 shows TPH biodegradation during the aerobic stage of the two-step experiment. As a comparison, the results of the only anaerobic pretreatments, previously reported in Figure 3 , are also shown. The highest TPH removal, equal to 91%, was obtained at the end of the aerobic step (30 days) after a pretreatment of 30 days in anaerobic conditions, with an inoculum of sulfate-reducing prokaryotes and in the absence of an acetate amendment (treatment 5 in Table 2 ). In all aerobic treatments, an increase in TPH biodegradation was achieved compared to the respective anaerobic pretreatment. In addition, comparing these results with those achieved in the single-step treatment in aerobic conditions with compost at the same age, it can be highlighted that the anaerobic pretreatment had a significant positive effect on hydrocarbon biodegradation. Also in this case an ANOVA was performed to have a better insight of the obtained results. The analysis suggested the following remarks.
(i) Acetate (factor A) seems not to have a significant effect; therefore, the anaerobic pretreatment should have been performed without acetate amendment, with the advantage of cost process saving.
(ii) A negative effect of the interaction AC (A: acetate, C: inoculum, 98% significance) shows that in the presence of the allochthonous microbial consortium under anaerobic conditions acetate displays a negative effect on TPH removal also in two-step treatment, as already seen in the treatment performed only in anaerobic conditions. This could be due to an inhibition of the activity of sulfate-reducing prokaryotes towards recalcitrant compounds because of the presence of acetate, preferentially used as a carbon source [26] .
Microbial abundances determined in the second step in aerobic conditions generally showed an increasing trend during the first 10 days of aerobic treatment ( Figure 6 reports the prokaryotic abundances in the microcosms incubated for 30 days under anaerobic conditions; data referring to microcosms incubated for 60 days under anaerobic conditions were similar and are not shown here), with values ranging from 1·10 9 cells g −1 to 4·10 9 cells g −1 . Oxygen consumption at the end of the aerobic phase following a 1-month anaerobic step was higher in microcosms containing sodium acetate, both with (OD20 equal to 94. 8 
Conclusions
The present work deals with a bioremediation study aimed at reclaiming sediments contaminated with petroleum hydrocarbons. In the single-step treatment in aerobic conditions, inorganic nutrients resulted to be more effective in hydrocarbon degradation than compost, in the investigated conditions, and the age of compost also resulted to be an important operating parameter for TPH biodegradation. In fact in the presence of fresh compost (aged 30 days) TPH biodegradation was higher than with mature compost (aged 90 days). The two-step sequential anaerobicaerobic treatment was the most effective for hydrocarbon degradation (about 90%), with a significant increase in the effectiveness of TPH bioremediation, compared to the single-step treatments, both in aerobic and under anaerobic conditions. The present study gives an insight on the applied research for eco-friendly technologies for the treatment 7 and reclamation of petroleum hydrocarbon-contaminated sediments.
